Abstract: This work explores, for the first time, the application of a Terrestrial Laser Scanner (TLS) and a comparison of point clouds in the 4D monitoring of active sinkholes. The approach is tested in three highly-active sinkholes related to the dissolution of salt-bearing evaporites overlain by unconsolidated alluvium. The sinkholes are located in urbanized areas and have caused severe damage to critical infrastructure (flood-control dike, a major highway). The 3D displacement models derived from the comparison of point clouds with exceptionally high spatial resolution allow complex spatial and temporal subsidence patterns within one of the sinkholes to be resolved. Detected changes in the subsidence activity (e.g., sinkhole expansion, translation of the maximum subsidence zone, development of incipient secondary collapses) are related to potential controlling factors such as floods, water table changes or remedial measures. In contrast, with detailed mapping and high-precision leveling, the displacement models, covering a relatively short time span of around 6 months, do not capture the subtle subsidence (<0.6-1 cm) that affects the marginal zones of the sinkholes, precluding precise mapping of the edges of the subsidence areas. However, the performance of TLS can be adversely affected by some methodological limitations and local conditions: (1) limited accuracy in large investigation areas that require the acquisition of a high number of scans, increasing the registration error; (2) surface changes unrelated to sinkhole activity (e.g., vegetation, loose material); (3) traffic-related vibrations and wind blast that affect the stability of the scanner.
Introduction
Bibliometric data show that investigations dealing with sinkholes have increased dramatically over the last two decades, concordant with a rapid rise in sinkhole-related damage on a global scale. This recent sinkhole risk escalation is largely related to (1) the increase in sinkhole occurrence in many areas, commonly due to human activities that contribute to triggers or accelerate the processes involved in sinkhole development (i.e., dissolution and subsidence); and (2) the development of sinkhole-prone areas without preventive planning [1, 2] . However, the scientific literature dealing with sinkhole monitoring is very limited, especially when compared with other land subsidence and ground instability phenomena, such as aquifer consolidation-caused groundwater withdrawal [3] or landslides [4] . Evidence suggests there is need to explore and develop approaches aimed at monitoring sinkhole-related subsidence, which tends to be very localised and may have variable behaviour, ranging from long-sustained gradual settlement to instantaneous catastrophic collapse. The latter may result in the loss of human life. For instance, a total of 39 fatalities have been reported in the Far West Rand of South Africa related to catastrophic sinkholes, mainly induced by dewatering for gold mining [5] . Subsidence monitoring at specific problematic sinkholes may be critical for properly managing associated risk. Accurate and timely data regarding the spatial and temporal subsidence patterns within those sinkholes may be used as the basis to (1) anticipate collapses and evacuate people at risk; (2) predict future damage scenarios; (3) design remedial measures; and (4) assess the performance of already applied engineering treatments. Subsidence monitoring in sinkhole-prone areas may also allow the implementation of early warning systems through detection, with sufficient anticipation of precursory slow subsidence preceding sudden collapse as well as other signs of instability, like fissures or scarplets, indicative of the development of an incipient sinkhole. This latter, challenging task has been one of the main objectives underlying a significant proportion of the sinkhole monitoring investigations carried out over the last decade, frequently using recently developed technology.
Subsurface methods, such as Time Domain Reflectometry (TDR), Brillouin Optical Time Domain Reflectometry (BOTDR), borehole extensometers, and nanoseismic monitoring provide data on deformation processes occurring at some depth beneath the surface and generally require expensive and intrusive installations (i.e., excavation of trenches, boreholes). Nanoseismic monitoring may allow approximate location of significant concealed collapses within relatively small investigation areas. Typically, geophones need to be installed in boreholes to reduce the noise, e.g., [6] . Borehole extensometers provide valuable data on the vertical distribution of subsidence at specific points but are scarcely used in sinkhole investigation [7] . The performance of TDR and BOTDR for sinkhole monitoring has been barely explored. These novel techniques may provide subsidence measurements along long lines (e.g., communication infrastructure, dikes) but may be adversely affected by temperature changes, vibrations, and processes non-related to sinkhole activity, e.g., [8, 9] .
Airborne and satellite-sensed data are increasingly used for detecting and measuring sinkhole-related subsidence, especially in salt-karst terrains characterized by high rates of sinkhole occurrence and subsidence. The performance of these methods are adversely affected by the presence of vegetation. Differential Interferometric Synthetic Aperture Radar (DInSAR) is a very powerful technique that allows the analysis of very large areas with sufficient spatial and temporal resolution to capture precursory subsidence related to small collapse sinkholes e.g., [10, 11] . However, the spatial coverage of the displacement data can be significantly reduced by coherence loss (e.g., vegetated areas) [12] . Airborne laser scanners can be used to measure sinkhole-related subsidence with a high spatial resolution and in large areas by comparing point clouds captured o different dates, but with relatively low vertical accuracy [13] . Close-range photogrammetry was applied in a sinkhole site with very rapid subsidence in the Dead Sea, Jordan, to produce 3D digital models of the ground surface (accuracy 10-15 cm) and derive deformation models from them [14] . A similar photogrammetric investigation was conducted in an active salt-mine sinkhole in Northern Ireland using data acquired with an Unmanned Aerial Vehicle (UAV) [15] .
Ground-based methods are the preferred techniques for monitoring subsidence in specific sinkholes and spatially restricted areas. Ground-based InSAR was satisfactorily applied in an urban area in Italy for the early detection of collapse sinkholes [16] . Tiltmeters are rarely used for sinkhole monitoring, since subsidence magnitude, rather than tilting, is the most useful parameter [17] . Differential Global Positioning Systems provide increasingly accurate measurements of vertical displacement at specific points [18] . High-precision leveling using digital levels and the electronic reading of bar-coded staffs is the most accurate method for measuring differential subsidence along specific lines [18, 19] . Terrestrial laser scanners (TLS) have been extensively used to characterize ground instability processes, such as landslides, with high spatial resolution, e.g., [20] . However, this technique has never been applied in the monitoring of specific sinkholes. Ref [21] generated a 3D model of a sinkhole, >300 m across, in Daisetta, Texas with TLS data, but they did not provide information regarding surface changes from the comparison of point clouds. To the best of our knowledge, this paper explores and assesses, for the first time, the application of TLS to sinkhole monitoring. The technique is applied to three highly-active and damaging sinkholes related to dissolution of salt-bearing evaporites in the Ebro Valley, NE Spain. The Alcalá sinkhole affects a flood-control dike next to a village, creating a high-risk situation. The other two sinkholes, located at the same site, have caused continuous subsidence, resulting in damage to a major highway and a private business. High-precision levelling data is available from two of the investigated sinkholes [19] , allowing direct comparison of displacement measurements.
Geological and Geomorphological Setting
The investigated sinkholes are located in the middle reach of the Ebro River valley within the central sector of the Ebro Cenozoic basin, which is the Southern foreland basin of the Pyrenean Alpine orogen ( Figure 1 ). The bedrock consists of sub-horizontally lying evaporites of late Oligocene-Miocene Zaragoza Formation, deposited in an extensive, high-salinity playa-lake system [22] . This formation, more than 850 m in thickness, consists of anhydrite, halite and glauberite in the sub-surface and secondary gypsum in the exposure [23, 24] . Ref [25] , based on deep borehole data, differentiated two members of the Zaragoza Formation whose boundary is situated at 350-400 m below the bottom of the Ebro Valley. The upper member, up to 600 m thick, consists of a basal unit, 140 m thick, dominated by marls and clays, and a thick evaporitic succession whose upper part crops out at the surface. Due to boreholes drilled along a 50 km long stretch of the Ebro Valley, this upper evaporitic sequence has been subdivided into four lithostratigraphic units, which are, in ascending order [23, 24] (1) a marl and anhydrite basal unit; (2) a halite unit; (3) a glauberite-halite unit; and (4) an anhydrite unit. The Alcalá sinkhole (221 m a.s.l.) and the Logroño highway sinkholes (205 m a.s.l.), due to their elevation, could be directly underlain by the lower part of the anhydrite unit or the upper part of the glauberite-halite unit. In La Loteta Reservoir, located 10 km west of the Alcalá sinkhole, the top of the glauberite-halite unit has been identified at 188-196 m a.s.l. [23, 26] . In Santa Inés, 9 km east of the Alcalá sinkhole and 17 km northwest of the Logroño highway sinkholes, the boundary between the anhydrite and glauberite-halite units lies at approximately 150 m a.s.l. [24] . These data indicate that the evaporitic bedrock at the sinkhole sites includes high-solubility salts close to the surface. This is a critical factor that controls dissolution and subsidence rates, e.g., [19] . For comparison, the equilibrium solubilities of gypsum (CaSO 4 ·2H 2 O), glauberite (Na 2 [CaSO 4 ] 2 ), and halite (NaCl) in distilled water are 2.4 g/L, 118 g/L, and 360 g/L, respectively [27, 28] .
The Ebro Valley, in the reach where it is excavated into the Zaragoza Formation, shows marked asymmetrical geometry, with a prominent and linear gypsum escarpment on the NE margin, and a stepped sequence of mantled pediments and terraces on the opposite side [29] (Figure 1 ). The Ebro River terrace deposits are dominated by channel-gravel facies and locally reach anomalously high thicknesses (>50 m) related to the development of synsedimentary dissolution-induced basins, e.g., [30] . They also show abundant brittle and ductile gravitational deformation structures, including paleo-sinkholes, induced by the karstification of salt-bearing bedrock, e.g., [30] [31] [32] . The meandering Ebro River flows along a broad floodplain which has a belt of abandoned channels that record significant historical changes along the river path (i.e., migration, cut-off, avulsion) [33] [34] [35] [36] . The Alcalá sinkhole is located 20 km NW of Zaragoza city, on the floodplain and next to the river channel. The Logroño highway sinkholes, in the outskirts of Zaragoza city, lie on the lowermost terrace of the Ebro River [37, 38] . 
Investigated Sinkholes

Alcalá Sinkhole
At the present time, the village of Alcalá is located just next to the outer side of a meander of the Ebro River (Figures 1-3 ). However, a comparison of aerial photographs from different dates reveals that in 1927, the river channel used to be located at a distance of 540 m from the village and that it moved to its present position sometime before 1957 [36] . In order to prevent the lateral migration of the Ebro River towards the village, six transverse jetties, 30 m long, were built on the river bed during 1962-1964. The village was also protected by the construction of a dike in 1982. It was built with loose aggregate, covered by rip-rap, on the channel-facing side and with a wall of concrete and rip-rap on the flank facing the village. The embankment is 2.3-2.6 m high above the adjacent ground in the village, and its 4-5 m wide crest is used as a track (Figure 2 ).
Subsidence damage is common in this sinkhole-prone area. In fact, the renown Spanish novel, Don Quixote, written by Miguel de Cervantes between 1605 and 1615, describes an accident in the area of Alcalá in which a person is swallowed by a sinkhole. In the 1970s, a house in the village of Alcalá was severely damaged by a sinkhole. In the early 1980s, a sinkhole formed around 50 m south of the investigated subsidence area and in the same street. The distribution of subsidence damage and geophysical anomalies suggest higher karstification in the area associated with the river channel [19, 39, 40] .
The investigated sinkhole is located on the Western edge of Alcalá village, affecting the flood-control dike, the adjacent street (Estación Street) and two buildings: a bar and a house (Figures 2  and 3) . In June 2007, a collapse sinkhole, 8 m across and 15 m deep, occurred in the street in front of the house. Since that event, the site has suffered from continuous subsidence as well as multiple collapse events (see their distribution in Figure 2 ) leading to a number of geotechnical investigations. A total of seven boreholes, 25-44 m deep, have been drilled in the site (Figure 2 ), indicating the following stratigraphy in descending order: (1) An unconsolidated cover around 6-7 m thick, comprising an anthropogenic deposit up to 4.6 m thick, underlain by fluvial deposits; (2) a karstic residue consisting of 20 m of dark grey clays and marls with residual gypsum particles that grade downwards into the unaltered evaporitic bedrock; and (3) the Tertiary evaporitic bedrock, including gypsum, halite and glauberite beds [39] . The vertical distribution of water-and alluvium-filled cavities encountered in the boreholes is indicated in Figure 2 . Borehole data reveal the presence of significant cavities beneath the investigated sinkhole and the surrounding zone, mostly concentrated at depths between 13 and 19 m, probably controlled by a salt unit (i.e., halite and/or glauberite). The water table at this site, located next to the river channel and underlain by pervious alluvium and cavernous bedrock, is controlled by the water level of the river. Elevation changes in the water table between low-discharge periods and floods may reach more than 5 m, and the sinkhole may eventually be affected by groundwater flooding. The spatial-temporal variations in the distribution and rate of subsidence in the sinkhole area may have been affected by the occurrence of collapse sinkholes-partial remediation measures carried out before and during the monitoring period-as well as by floods in the adjacent Ebro River. The main actions and events are listed chronologically below, together with the scans. The distribution of collapse events and remediation measures is shown in Figure 2 February-April 2016: An ordinary flood in the Ebro River occurred, but the maximum water level was above the elevation of the street. The last scan was conducted in April 2016.
The deformation features that developed on the ground surface and in human-built structures were mapped on March 2016, mainly to gain insight into the extent of the subsidence area ( Figure 2 ). This map of surface deformation and structural damage indicates an elongated subsidence depression around 40 m long with an apparent N-S orientation. The area is affected by continuous sagging and embraces the multiple nested collapse sinkholes that have occurred since 2007. On the Western side, there was a conspicuous arcuate fissure-scarp, 10-20 cm high, affecting the crest and Eastern shoulder of the dike ( Figure 3A ). This surface rupture connected with the largest cracks that developed on the wall of the dike, showing horizontal and vertical separations higher than 10 cm. The wall also showed cracks related to its tilt towards the sinkhole center, 9.2 m and 3.2 m north and south of the main fissures, respectively. This suggests that the subsidence area along the dike comprises an inner sector, 28 m long, affected by more rapid subsidence, and an outer aureole with slow inward tilting. Surface evidence of deformation does not allow for identification of the edge of the subsidence area along its Eastern side due to the lack of adequate markers and the impossibility of accessing the house. The topographically lowest portion of the subsidence zone is located at the foot of the rip-rap wall around borehole S-6. The casing of the borehole protrudes 11 cm above the ground surface, providing a rough measure of the amount of subsidence between 7 July 2015 (borehole installation) and 11 March 2016 (measurement) (Figures 2 and 3C ). 
Logroño Highway Sinkholes
This site, located in the lowermost terrace of the Ebro River, includes two damaging sinkholes, here referred to as sinkholes 1 and 2 ( Figure 4) . Sinkhole 1 is a sub-circular buried sinkhole, around 110 m in diameter, that affects (1) both carriageways of the Logroño highway (N-232a); (2) the service road and a department store to the NE; and (3) a concrete wall on the SW flank of the highway [37, 38] . The central and deeper part of the sinkhole can be recognised in grey-scale aerial photographs from 1945-1946 and 1957 as a sub-circular depression approximately 40 m across. Historical imagery reveal that this depression was filled sometime between 1957 and 1969. In the 1970s, a factory was built on the NE sector of the sinkhole, which was demolished in the late 1990s. At that time, the service road used to show a conspicuous sag related to rapid subsidence and poor maintenance ( Figure 5A ). The currently existing department store was built in 2001 ( Figure 4) . Nowadays, the Logroño highway and its service road are subject to re-asphalting works every one or two years. A map of this sinkhole depicting the distribution of surface deformation features was produced in April 2016 (Figure 4 ). This map is rather limited due to frequent repair works but provides information on the minimum extent of the active subsidence area. Subsidence on the SW sector of the sinkhole was expressed as fresh arcuate cracks in the recent pavement of the highway, plus sagging and inward toppling in the concrete wall located along the edge of the highway. On the NE sector, a number of cracks with an overall arcuate geometry affect concrete walls, paved surfaces and the floor of the department store. Sinkhole 2 is located on the NE side of the Logroño highway, beneath and next to the ramp of a pedestrian bridge built across the highway (Figures 4 and 5B) . Historical imagery from Google Earth indicate that this sinkhole has been active since 2001 and has been repaired at least three times between that date and 2011. In September 2011, the sinkhole experienced a significant reactivation, damaging the service road up to the NE edge of the highway, a large diameter water-supply pipe and a portion of the parking of a car shop. The overall distribution of the fissures, scarps and small collapses mapped on November 2011 are depicted in Figure 4 . These show a sub-circular depression with an approximate diameter of 40 m, with an inner sector around 27 m across, defined by more conspicuous ruptures which is affected by more rapid subsidence. After that event, the service pipe was rebuilt above the ground in order to detect any potential damage or leakage. The portion of the car shop affected by active subsidence was re-asphalted and fenced, showing rapidly evolving sagging subsidence and concentric fissures and scarps ( Figure 5B ). Several geotechnical boreholes drilled within or next to this sinkhole indicate the following stratigraphic succession, in descending order: (1) 
Materials and Methods
A map of the sinkhole sites was produced in the field using 1:1000 scale, gridded orthoimages and metric tape. These maps, described above, show surface evidence of deformation on the ground and on human-built structures and indicate, where possible, the amount and sense of deformation. Moreover, in order to gain information on the previous geomorphic expression and evolution of the buried Logroño highway sinkholes, the following data were uploaded in a Geographical Information System (GIS): (1) orthorectified aerial photographs from different dates; (2) detailed topographic maps of the Zaragoza municipality, produced in 1963-1969, with contour intervals of 1 m; and (3) recent orthoimages. Particularly useful were the aerial photographs from 1957 (1:30,000 in approximate scale) taken before the infill of sinkhole 1 at the Logroño highway site.
The 4D monitoring and analysis of the subsidence associated with the active sinkholes has been carried out through the following work phases: Common referencing of the point clouds was done using the installed reference stations. Four fixed black and white (B/W) targets were placed out of the subsidence areas, distributed on opposite sides and at different elevations. The local coordinates of the targets used to reference successive models were extracted from the first 3D scanning. 3.
Undesired points that could complicate the identification of the deformation zones (e.g., moving objects, vegetation) were manually removed.
4.
A comparison between the referenced point clouds acquired at different dates was carried out in order to identify surface changes and quantify them. These surface changes included ground subsidence and human alterations, such as re-pavement or accumulation of fill material. Surface changes were assessed by measuring the distances between successive 3D point clouds. Initially, simple cloud-to-cloud comparison (C2C) and cloud-to-cloud comparison with local modelling (C2Clm) were used to obtain the first picture of the surface alterations [41] . Subsequently, signed and robust distances between successive point clouds were computed using the M3C2 algorithm, developed by [42] . The M3C2 algorithm provides accurate measurements on several scales [43] with a simpler workflow than that of the comparison of 3D data generating surface meshes or Digital Elevation Models (DEM) [42] . This algorithm firstly estimates the normal value of the 3D point-cloud surface at a scale consistent with the local surface roughness. Secondly, it measures the mean surface change along the normal direction with explicit calculation of a local confidence interval (95%), determined by surface roughness, position uncertainty and registration error. The M32C algorithm was applied in standard mode, using diameter values for the normal calculation and the projection of points of 10 cm in the Alcalá sinkhole and 20 cm in the Logroño highway sinkholes.
Results
Alcalá Sinkhole
In the Alcalá sinkhole, four 3D surveys were conducted on October 2014, April 2015, October 2015 and April 2016, covering a time span of 551 days (Table 1) . In each survey, we carried out 15-21 scans of medium resolution (7-12 mm at a 10 m scanning distance) to cover an area of 1304 m 2 . The resulting 3D point clouds displayed errors of 2-3 mm from the registration process and 1-2 mm from the referencing process using the B/W targets. The comparison of 3D point clouds allowed the accurate measurement of the deformation with a high spatial resolution (ca. 1 cm) in the portion of the sinkhole affected by greater subsidence.
The time lapse covered by the first comparison (October 2014 and April 2015) included the February-April 2015 Ebro River flood, during which water flowed through the dike, and the sinkhole was flooded by the water-table rise. The displacement model reveals an elongated subsidence area with a major axis of 26 m located on the Western sector along the dike, and a minor axis of 18 m on the Southern zone (sinkhole a in Figure 6A1 ). This subsidence area, which affects the dike and the street, and is embraced within the distribution of surface changes with a 95% confidence interval ( Figure 6A2 ), can be considered the minimum extent of the zone affected by ground settlement. Surface displacement within this subsidence area shows a unimodal distribution with a main peak at −7.5 cm (−14.9 cm/year), and a maximum value of −25 cm (−49.8 cm/year) ( Figure 6A3 ). The maximum subsidence was measured in a nested collapse sinkhole located in the street in front of the house (b in Figure 6A1 ). Changes were also detected outside the main subsidence area. To the south, there is a meter-sized collapse sinkhole with a maximum displacement of −18 cm (c in Figure 6A1 ). Around the main subsidence area, the model captured displacements of up to −1 cm at points, with a scattered pattern. The changes could be attributed to subsidence, but also to other changes unrelated to sinkhole activity, such as the movement of loose gravel in the street or the vegetation located on the dike. Nonetheless, the overall distribution of these displacements, forming an aureole around the most active subsidence area, strongly suggests that they form part of the active sinkhole. During the period from April 2015-October 2015, following the February-April flood and the associated water-table drop, the main subsidence area (sinkhole a) kept a similar shape ( Figure 6B1 ). However, there was a clear acceleration of subsidence between sinkhole b and the outer wall of the dike (area labelled d in Figure 6B1 ). In this period, the frequency of the subsidence values recorded in the main subsidence area shows a bimodal histogram ( Figure 6B3 ), defined by a main peak at −8. Figure 3B ).
In the last period analysed (October 2015-April 2016), which included the shallow polyurethane grouting program carried out along the dike, the subsidence area (sinkhole a) expanded significantly to the west and north, mainly in the dike (areas labelled as f in Figure 6C1 ). Additionally, the area affected by the greatest subsidence translated completely from the street to the dike (area labelled d in Figure 6C1 ). The frequency of the displacement values of the 3D model in the main subsidence area showed a polymodal distribution with peaks at −4.3 cm (−8.3 cm/year), −6.8 cm (−13.2 cm/year) and −12.2 cm (23.7 cm/year) ( Figure 6C3 ). The maximum subsidence occurred in the dike (area d in Figure 6C1 ), affecting the outer shoulder, and probably also the track on the dike crest. However, this latter zone showed apparent upward displacement due to the accumulation of a man-made fill in the subsidence zone, developed at the foot of an arcuate scarp (area e in Figures 6C1 and 3A) . The nested collapse sinkhole b seems to have been inactive during this period. In contrast, collapse sinkhole c was reactivated after the previous fillings. The elongated geometry of this sinkhole, with an orientation parallel to the edge of the main subsidence zone, suggests that it may be related to ravelling of surficial deposits through an extensional fissure developed in the marginal zone of the main sinkhole.
A 3D comparison of the point clouds also allowed the detection of deformation affecting vertical structures, such as the house located to the east. The deformation of the house façade progressively increased from October 2014 to April 2016. In the last comparison (October 2015-April 2016), more than half of the façade was affected by movements ranging from −0.6 to −5 cm. In fact, the house had to be demolished in July 2016.
Logroño Highway Sinkholes
The 3D TLS survey of this site covered an area of 17,160 m 2 . The site was scanned on five dates, (Table 1) . Point clouds were created from 40-45 overlapping scans with medium resolution (7-12 mm at 10 m scanning distance). The mean errors associated with the registration and referencing were 2-3 mm and 3-14 mm, respectively (Table 1) . Table 1 . Point cloud errors. Cloud-to-cloud registration (C-C); target tension referencing (TT). The comparison between the 3D point clouds from April 2015 and October 2015 revealed two active sinkholes ( Figure 7A1 ). Sinkhole 1, mainly affecting the Logroño highway, showed a high inner subsidence area, characterised by a complex polymodal displacement distribution between −4 and −10 cm (−8.1 and −20.2 cm/year) ( Figure 7A3) , with the highest mode at −9 cm (−18.1 cm/year). This inner high-subsidence sector of sinkhole 1 is surrounded by an ill-defined aureole (labelled as 3 in Figure 7A1 ) with a mean subsidence of −4 cm (−8.1 cm/year). Sinkhole 2, located in a non-accessible fenced plot, north of the highway, could not be scanned completely. Nonetheless, it showed the greatest subsidence ( Figure 7A4 ), mainly ranging between −2 and −25 cm (−4 and −50.4 cm/year), with the main mode at −12 cm (−24.2 cm/year). Subsidence in both sinkholes was measured with a 95% level of confidence, although the data do not allow precise mapping of the sinkhole edges ( Figure 7A2 ). Between October 2015 and April 2016, the central sector of sinkhole 1 was filled and re-paved, displaying positive distance values in the comparison model ( Figure 7B1 ). Sinkhole 2 showed subsidence activity, but with a lower rate and different pattern than in the previous period. Subsidence values showed a trimodal distribution, ranging between −2 and −13 cm (−3.9 and −25.2 cm/year), with the main mode at −6 cm (−11.6 cm/year) ( Figure 7B3 ). This comparison also showed other significant positive distance changes with scattered distribution (labelled 4 in Figure 7B1 ,B2), which can be ascribed to scanning errors, discussed in the next section.
Mean Error
The subsequent comparison (April 2016-October 2016) also showed positive distance changes attributable to scanning errors (labelled 4 in Figure 7C1,C2) . Nonetheless, the model captured negative changes related to subsidence in both sinkholes. Subsidence in sinkhole 2 ranged between −2 and −24 cm (−3.8 and −45.9 cm/year) ( Figure 7C1) , with a main mode of −7 cm (−13.4 cm/year) ( Figure 7C3) . Subsidence values in sinkhole 1, with the highest mode at −4 cm (−7.6 cm/year) ( Figure 7C4 ) were lower than those measured during the first period.
Perhaps surprisingly, the M3C2 displacement model of the period from October 2016-April 2017 did not capture subsidence activity in sinkhole 1 ( Figure 7D1 ). Although the model showed values of −1 to −1.6 cm (−1.9 to 3 cm/year) for this sinkhole, the high referencing error involved in this comparison model (Table 1) did not allow the detection of significant changes with a 95% confidence interval ( Figure 7D2) . Conversely, the rapid subsidence in sinkhole 2 allowed the measurement of negative, vertical displacement, displaying a similar trimodal distribution to that observed during the period October 2015-April 2016 Figure 7D3 ), concentrated between −1 and −13 cm (−1.9 to −24.7 cm/year), with the main mode at −7 cm (−13.3 cm/year).
Discussion
The comparison of 3D point clouds acquired by TLS over a rather limited time period (551-740 days) has provided valuable data regarding subsidence and its spatial-temporal changes in three damaging sinkholes. The activity of these sinkholes is related to rapid dissolution of salt-bearing evaporites overlain by poorly consolidated Quaternary alluvium (mantled karst) and is affected by various natural (floods, water table change, nested collapses) and anthropogenic (remedial measures) factors. The obtained deformation models displayed much higher spatial resolution (ca. 1 cm) than the subsidence data published in any of the previous papers dealing with sinkhole monitoring. However, the accuracy of the ground deformation measurements was significantly lower than those obtained by high-precision leveling in the Alcalá sinkhole and in sinkhole 1 of the Logroño highway site, although with much lower spatial resolution [19] .
In the Alcalá sinkhole, the two initial displacement models, spanning from October 2014 to October 2015, showed a rapid subsidence area, 26 m long, surrounded by an ill-defined outer zone, apparently affected by settlement and recorded by points with a scattered distribution ( Figure 6 ). In contrast, high-precision leveling data acquired along the foot of the dike (see location in Figure 2 ) and during a similar period (February-July 2015), indicate that subsidence affects at least a 36 m long section of the survey line [19] . Moreover, the detailed map showing the surface evidence of deformation suggests that the sinkhole's length may reach 40 m (Figure 2 ). These data indicate that the deformation models generated with the TLS data capture the inner sector of the sinkhole affected by rapid subsidence but not the marginal zone with slower settlement. This limitation could be attributed to the following factors: (1) the restricted time span of the comparison periods, i.e., the amount of subsidence in the marginal sector of the sinkhole is close to, or lower than, the accuracy of the method; and (2) a significant part of the area is covered by unstable material (e.g., loose aggregate in the street) ( Figure 3B ). Regarding the latter, data from flat rigid surfaces, such as the façade of the house located to the east of the sinkhole, allowed us to decrease the surface change detection threshold at 6 mm with a 95% confidence interval.
The 3D high spatial resolution of the TLS data allowed the monitoring of relevant changes in the spatial distribution of the subsidence as well as the rates of change. Overall, the main modes observed in the subsidence distribution indicate an increase in the main subsidence rates from −14 cm/year to −17 cm/year during the period from October 2014-October 2015, and a reduction from −17 cm/year to −13 cm/year during the period from October 2015-April 2016. These temporal changes may be attributed to several natural and anthropogenic factors, as explained below. During the period from April-October 2015, there was an acceleration in subsidence in the Northern sector of the sinkhole, affecting the Northern shoulder of the dike and the adjacent street ( Figure 6B) . Here, subsidence rates increased from −14 cm/year during October 2014-April 2015, to dominant values of around −32 cm/year during April-October 2015. The subsidence rate increase was also accompanied by an enlargement of the area affected by more rapid deformation, including a large portion of the street and the Eastern margin of the dike wall. This local subsidence acceleration, which occurred after the recession of the February-April 2015 Ebro River flood, can be collectively attributed to: (1) weakening of the ground and dike due to internal erosion caused by the subsurface flow of pressurized water during the peak of the flood; (2) buoyancy loss, associated with the water-table drop (this is probably the most important factor); and (3) increased load due to high water content in the soil within the vadose zone after the flood recession. A significant increase in the subsidence rate following the February-April flood has been also measured by high-precision leveling, with a rise in the maximum subsidence rate from −15.8 cm/year to −22.3 cm/year between April and May 2015 [19] . However, these data were restricted to the leveling line and the portion of the sinkhole affected by subsidence acceleration could not be constrained. During the period from October 2015-April 2016, including the polyurethane grouting in the dike (November-December 2015), the area of maximum subsidence translated towards the dike, especially in the sector affected by a collapse sinkhole in November 2013 (Figures 2 and 6C) . Here, the main subsidence rates increased from −16 to −23 cm/year. Moreover, the area affected by significant settlement in the dike expanded by around 10 m to the north and an unknown distance towards the river. Additionally, deformation features in the house increased in each comparison until it had to be demolished in July 2016. These data illustrate the ability of the method to accurately monitor spatial-temporal changes in subsidence within a sinkhole as well as the effects of subsidence on horizontal and vertical man-made structures. They also reveal the adverse effects of the shallow compaction grouting program, carried out above the main cavities recognized in boreholes.
Active subsidence was measured in both sinkholes of the Logroño highway site, but the performance of the method was not as good as in the Alcalá sinkhole due to several limitations. Regarding sinkhole 1, the April-October 2015 deformation model showed an inner sector, 44 m across, affected by rapid subsidence (−8 to −20 cm/year), surrounded by a poorly defined outer zone with subsidence rates <8 cm/year ( Figure 7A ). This deformation model does not allow the boundaries of the subsidence area to be mapped confidently. High-precision leveling data acquired along the Northern side of the highway during March 2015-September 2016 (see location in Figure 4 ) indicate that settlement persistently affected a 105 m long section of the line, with mean and maximum subsidence rates of −2.4 to −3.8 cm/year and −5.0 to −7.6 cm/year, respectively [19] . The October 2015-April 2016 point-cloud comparison roughly captured an apparent positive displacement related to re-asphalting in the most active sector of the sinkhole ( Figure 7B ). The April-October 2016 deformation model recorded subsidence in the central sector of the sinkholes, but with lower rates than in the period from April-October 2015 and in a more restricted area ( Figure 7C ). In the period from October 2016-April 2017, no statistically significant subsidence was detected in sinkhole 1 ( Figure 7D ). Conversely, leveling data indicated stationary subsidence at a rather constant rate [19] . The contrasting subsidence measurements may be related to limitations of the TLS method as well as adverse local conditions: (1) The comparison models spanning from October 2016 to April 2017 showed anomalous areas affected by apparent displacement, interpreted as scanning errors related to heavy vehicle traffic, despite the scanning being carried out at night time. The vibrations and wind blast produced by trucks and busses affected the stability of the scanner, altering portions of the scans. (2) The large scanning area (17,160 m 2 ), the high number of scans (40) (41) (42) (43) (44) (45) and the lack of transversal structures in the highway contributed to a reduction in the precision of the cloud-to-cloud 3D alignment, increasing the registration and referencing errors and consequently, reducing the statistical significance of the changes detected by the M3C2 algorithm. The referencing errors in the Logroño highway site reached values as high as 14 mm, whereas in referencing errors in the Alcalá sinkhole were always ≤2 mm. (Table 1) . Nevertheless, errors in large areas can be reduced by increasing the number of reference targets and the scan resolution. (3) The subsidence measurements essentially showed a polymodal distribution, whereas the M3C2 algorithm calculated the confidence interval assuming Gaussian statistics [42] . This may introduce some bias in the estimation of the confidence interval, despite the fact that this statistical method is more adequate for natural landforms than other approaches such as bootstrapping [42] .
The aforementioned limitations had a lesser impact on sinkhole 2, which was very active during the whole monitoring period. Cartographic data indicate that this sinkhole has a diameter of around 40 m. However, the displacement models only captured significant subsidence in a central area, 20 m across. The comparison between the different displacement models suggested a temporal pattern in the subsidence (Figure 7 ). In the two October-April periods of 2016 and 2017, which included the rainy season, the subsidence values showed a similar trimodal distribution, with subsidence rates concentrated between −2 cm/year and −26 cm/year (Figure 7B,D) . During these two periods, the main subsidence peaks were very similar (−12 and −14 cm/year), whereas the maximum subsidence peak was higher in 2017 (−27.2 cm/year) than in 2016 (−18.4 cm/year). Subsidence displayed a different distribution and higher values in the April-October periods, including the irrigation season, with rates concentrated between −4 cm/year and −46 cm/year ( Figure 7A,C) . The apparent higher subsidence activity in the April-October periods could be related to higher dissolution during the summer season with higher groundwater recharge by irrigation, e.g., [44] , but could also be related to different scanned areas. In the period from April 2016-October 2016, the spatial coverage of the scans was significantly larger than in the period from April 2017-October 2017. A sinkhole-specific monitoring, covering a larger time span, is necessary to shed light on the issue. It was not possible to improve the scanning coverage since sinkhole 2 is located in a fenced parking area.
The high spatial resolution of the deformation models offers an unprecedented opportunity to explore the distribution pattern of the subsidence within specific sinkholes. Ideally, in a perfect piston-like collapse sinkhole (down-dropping cylindrical block), all the subsidence values would be equal, producing a single-bar histogram. A sagging sinkhole with radial symmetry and higher subsidence in the center (bowl-shaped depression produced by downward bending) yields a histogram with the shape of a right triangle, with a peak around 0. The highest frequency values correspond to the points located towards the sinkhole edge, since the area of concentric bands increases away from the center. This triangular pattern is roughly observed in sinkhole 2 for the period from April-October 2016 ( Figure 7C4 ). However, a number of histograms tend to show a complex polymodal distribution. This suggests complex, differential subsidence within specific sinkholes, with one or several high subsidence portions that may have an eccentric distribution (e.g., Figure 6B ). On the other hand, the histograms presented in Figures 6 and 7 , with values within the 95% confidence interval, should be considered to be incomplete, since they do not include the low subsidence that operates in the outer zone of the sinkholes, which may cover a larger area than the central sector (e.g., Figure 7A3 ). In fact, in most cases there is a gap between the right edge of the histogram and the 0 displacement value.
Conclusions
TLS surveying and point cloud comparison is a suitable technique for the 4D monitoring of specific active sinkholes characterized by rapid subsidence. However, the application of this time-consuming technique with relatively complex processing may not be practical in large areas that require a high number of scans. The deformation models generated by comparing 3D point clouds with utmost spatial resolution allow complex spatial and temporal subsidence patterns within specific hazardous sinkholes, such as sinkhole expansion, local subsidence acceleration or the formation of secondary collapse sinkholes, to be resolved. The spatially-dense displacement data can be highly useful for analyzing and managing multiple relevant issues related to the subsidence risk associated with specific sinkholes: (1) influence of natural (e.g., floods, water-table change) and anthropogenic factors (e.g., water pumping, irrigation) on sinkhole activity; (2) early detection of precursory subsidence preceding the formation of catastrophic collapse; and (3) appraisal of the performance of remedial measures.
TLS has lower accuracy than other methods such as high-precision leveling. The displacement models produced by the comparison of point clouds may not capture the slow subsidence that typically occurs in the marginal zone of sinkholes. Consequently, this technique may have some limitations for precisely mapping the boundaries of the areas affected by active subsidence.
The performance of TSL may be adversely affected by a number of factors related to the limitations of the method and the local conditions, as follows: (1) The quality of the data tends to decrease with the size of the investigated area. A larger number of overlapping scans per site contribute to an increase of the registration error and a reduction in the accuracy of the displacement data. Nonetheless, this drawback can be reduced by increasing the number of reference targets; (2) Surface alterations unrelated to sinkhole activity, such as the presence of mobile loose soil, vegetation, anthropogenic filling and resurfacing; (3) Limited access constraining the distribution of the scanning points; (4) Vibrations and wind blasts affecting the stability of the scanner; and (5) Moving objects such as traffic that produce undesired returns.
It is advisable to apply TLS for sinkhole monitoring with other complementary geodetic techniques such as high-precision leveling. TLS offers extremely high spatial resolution data in the areas of the sinkhole affected by more rapid subsidence, whereas high-precision leveling provides highly accurate displacement measurements in the slow-moving marginal zones of the sinkholes.
